Laboratory fumigations with sulfur dioxide (SO 2 ) were conducted under ultralow oxygen (ULO) and normal atmosphere to determine their effects on mortality of grape mealybug, Pseudococcus maritimus (Ehrhorn), and vine mealybug, Planococcus ficus Signoret, and postharvest quality of table grapes. Three-and 4-d fumigation treatments with 100 ppm SO 2 under 30 ppm ULO condition and normal atmosphere resulted in 100% mortality of eggs and nymphs/adults of vine mealybug. The 3-and 4-d SO 2 fumigations under the ULO condition and the normal atmosphere were also effective against grape mealybug with egg mortalities of 85.8% and 98.8% and nymph/adult mortalities of 99.0% and 100%, respectively. There was no significant difference between SO 2 fumigations under ULO and the normal atmosphere in insect mortality. One-day fumigation treatments with 400 and 500 ppm SO 2 achieved 89.8% and 95.8% mortality of grape mealybug eggs, respectively, and achieved 100% mortality of grape mealybug nymphs and adults. None of the treatments used in this study adversely affected quality of the six table grape cultivars used in the studies. SO 2 fumigation under either ULO or normal atmosphere is potentially a useful means for postharvest control of mealybugs on harvested table grapes.
Grape mealybug, Pseudococcus maritimus (Ehrhorn) (Hemiptera: Pseudococcidae), and vine mealybug, Planococcus ficus Signoret (Hemiptera: Pseudococcidae), are two major vineyard pests in California. Grape mealybug is a vector of leafroll virus of grapes (Engelbrecht and Kasdorf 1990, Golino et al. 2002) and has potential to cause significant damage to grape production and economic losses. It is quarantined on exported Californian table grapes to overseas markets such as Australia (AQIS 2000; Yokoyama et al. 1999; Daane et al. 2004 Daane et al. , 2008 . Quarantine treatment is needed to control grape mealybug on exported grapes to certain overseas markets.
Vine mealybug was first found in California in 1994 (Gill 1994 ) and now is a major pest of California vineyards Pringle 2004, Daane et al. 2008) . It has the potential to build up to large numbers and cause significant damage as a direct pest (Gutierrez et al. 2008) , as well as a vector of viral leafroll diseases (Engelbrecht and Kasdorf 1990, Tsai et al. 2008) . Control of vine mealybug on nursery stock is critical to prevent or reduce spread of vine mealybug within California and other grape-growing regions where the pest does not occur.
Methyl bromide fumigation is currently used to control mealybugs on exported table grapes. However, this will likely be unsustainable because of the phase-out of methyl bromide production globally. Therefore, developing safe and effective control of quarantined pests is important for retaining and expanding export markets of U.S. table grape. Controlled atmosphere treatment has been studied for mealybug control including grape mealybug and vine mealybug. Grape mealybug eggs, nymphs, and adults are successfully controlled with ultralow oxygen (ULO) and ULO+CO 2 atmosphere in 14 d at 2°C without negative effects on table grape quality (Liu 2013) . All life stages of vine mealybug are successfully controlled with ULO treatments in 3 and 4 d at 25 and 15°C, respectively without affecting germination and growth of grape benchgrafts (Liu et al. 2010) . The ULO treatment at 15 or 25°C is unlikely suitable for most fresh fruit and vegetables that are usually stored at low temperatures. The 14-d ULO treatment for table grapes at the low temperature is likely too long for practical use.
Sulfur dioxide (SO 2 ) is widely used to control microbials on fresh and stored products. Slow releasing SO 2 media are used on table grapes to prevent mold (Smilanick and Henson 1992 , Zutahy et al. 2008 . Fumigation with 1% SO 2 combined with 6% CO 2 at 19.5°C is used to control of black widow spiders on table grapes (Mitcham et al. 2005) . However, in an earlier study, 30-min fumigations with 2,500, 5,000, and 7,500 ppm SO 2 at 20°C resulted in 18, 73, and 100% mortalities of grape mealybug crawlers (Mitcham and Zhou 1998) , indicating that SO 2 has potential to be used as a fumigant for pest control.
In this study, SO 2 fumigation was evaluated at 2°C under ULO and normal atmosphere for mortality of grape mealybug and vine mealybug at different life stages and on postharvest quality of table grapes in order to determine its potential for control of the pests of harvested table grapes.
Materials and Methods

Insects
Grape mealybug culture was maintained on potted grape plants in a greenhouse under natural lighting at 10-30°C. Grape plants were grown in 18.9-liter containers with potting soil. Plants were watered and fertilized as needed periodically. Leaves and vines infested with grape mealybug were removed and sealed in 0.95-liter glass jars with paper towels for fumigation treatment. Small pieces of cardboard were folded over vines of grape plants and stapled to create hiding spaces to attract grape mealybug adults to lay eggs. The cardboard pieces were later opened to collect grape mealybug egg sacs, waxy cotton-like masses that contain eggs. Collected egg sacs were placed on Kimwipe tissue (Kimberly-Clark, Roswell, GA). As eggs in the egg sacs were mixed in cotton-like secretion and could not be accurately counted, the number of eggs in each egg sac was estimated by opening and inspecting each egg sac. Egg sacs were divided into groups with about the same estimated total number of eggs. The groups were randomly assigned to treatments, and each group had two to three egg sacs on a piece of Kimwipe tissue. Each group of egg sacs was placed in a plastic vial and sealed with a screened lid lined with Kimwipe tissue for fumigation treatment.
Vine mealybug cultures were maintained on sprouted potatoes (Solanum tuberosum L.) and butternut squash (Cucurbita moschata [Duchesne] Poir) in an environmental chamber at 22°C and a photoperiod of 14:10 (L:D) h. New sprouted potatoes and squashes were added to provide fresh host plant materials periodically. Both potatoes and butternut squashes were used because potatoes fit more easily into the jars for small-scale tests, whereas butternut squash was a better host and sustained large colonies. Infested sprouted potatoes with vine mealybug crawlers (unsettled first instars), nymphs, and adults were selected and placed, individually, in glass jars (0.95 liters) and sealed with paper towels using locking rings for fumigation treatments. Egg sacs were collected from infested butternut squashes and were set up for fumigation using the same procedures as stated above for grape mealybug eggs.
Table Grapes
Six table grape cultivars from supermarkets were used in this study: Thompson Seedless (PLU# 4022), Flame Seedless (PLU# 4023), Green Seedless (PLU# 4498), Crimson Seedless (PLU# 4499), Red Seedless (PLU# 4635), and Red Globe (PLU# 4636). Grapes were inspected to remove defective ones, divided into groups based on the number of treatments, and stored at 2°C before being used in experiments.
SO 2 Fumigation Procedures
SO 2 fumigations under both ULO and the normal atmosphere were conducted. The apparatus for fumigations with SO 2 under ULO was illustrated in Fig. 1 . The apparatus consisted of a large chamber (52 × 55 × 36 cm) that contained the grapes and had an air circulation fan (12VDC Cooling Fan, RadioShark, Fort Worth, TX) inside and a series of two small chambers that were modified from 7.6-liter pressure cookers and contained the mealybugs. The small chambers were connected to an air pump (SP6000, Smart Products Inc., Morgan Hill, CA), and then connected to the large chamber so that the air in the large chamber could be circulated through the small chambers by the air pump. An O 2 analyzer (Series 800, Illinois Instruments, Inc., Johnsburg, IL) was used to monitor O 2 levels in the large chamber. Industry grade N 2 gas (>99.99% purity) in a compressed cylinder and 1.0% SO 2 in a compressed cylinder (Praxair, Danbury, CT) were connected to digital mass flow controllers (N 2 : 16 Series, Alicat Scientific, Tucson, AZ; SO 2 : Sierra Instruments, Monterey, CA) and converged into a single line connected to the large chamber. N 2 gas generated from a N 2 generator (Balston 75-7820, Parker Hannifin Co., Tewksbury, MA) with about 0.2% O 2 was connected to the inlet line through a solenoid valve and a flow controller. The solenoid valve was controlled by the relay switch of the O 2 analyzer to release generated N 2 to increase O 2 levels when O 2 level fell below the set threshold of 30 ppm. A SO 2 gas monitor (LD Continuous Monitoring System, Interscan Corp., Simi Valley, CA) was connected to the large chamber through a three-way solenoid valve. The threeway solenoid valve was controlled with a timer to allow the monitor to measure SO 2 periodically for a short duration and then switched to moist air from a container with water when SO 2 was not measured ( Fig. 1 ). For SO 2 fumigation under the normal atmosphere, N 2 with 0.2% O 2 and the O 2 analyzer were turned off and pure N 2 gas was replaced with compressed air.
Large chamber with table grapes
To start a SO 2 fumigation test under ULO conditions, N 2 from a compressed cylinder was released into the large chamber to establish ULO with about 30 ppm O 2 . In this process, the air in the large chamber was also pumped through the series of the two small chambers to maintain the same ULO condition of the large chamber in the two connected small chambers. The large chamber contained grapes in paper bags and the small chambers contained jars with mealybuginfested potatoes and/or plastic vials with mealybug egg sacs so that the small chambers could be disconnected to have different treatment times for insects without affecting the treatment for grapes in the large chamber. O 2 levels in the large chamber were monitored continuously with the O 2 analyzer. After establishing a desired ULO condition with about 30 ppm O 2 , the 1.0% SO 2 gas was released into the large chamber to establish a desired SO 2 level in the box chamber. The SO 2 level in the large chamber was measured with the SO 2 monitor. Then, the cylindered N 2 and SO 2 were continuously released through digital flow controllers into the large chamber at very low flow rates to maintain the desired SO 2 concentration and generated N 2 with 0.2% O 2 was released through the solenoid valve and the flow controller into the large chamber to maintain the desired ULO conditions. The small chambers connected to the large chamber in series were removed at different times to achieve different treatment durations. This was accomplished by turning off the air pump and quickly disconnecting one small chamber and reconnecting the second small chamber to the large chamber, and then turning the air pump back on to resume air circulation through the second small chamber.
Effects of 100 ppm SO 2 Fumigations on Mealybug Mortality and Grape Quality
Fumigations with 100 ppm SO 2 under ULO condition with about 30 ppm O 2 and under the normal atmosphere were conducted at 2°C for 3 and 4 d to determine their effects on mealybug mortality, and 4 d for grape quality. Two large chambers were used in each test: one for the treatment under ULO condition and the other for the treatment under the normal atmosphere. 'Green Seedless', 'Thompson Seedless', 'Flame Seedless', and 'Red Seedless' table grapes, in separate paper bags, were used. One red and one green cultivar were tested in each chamber, but the specific cultivars included in each large chamber in a test varied depending on availability. Grapes from each cultivar were also stored at the same temperature as the treatments to be used as controls. Two small chambers were connected to each large chamber. All four small chambers attached to the two large chambers were loaded with mealybug eggs, nymphs, and adults. For each insect species, two vials with egg sacs and one or two jars with nymphs and adults were placed in one small chamber for treatment. Grape mealybug was included in all treatments. Vine mealybug was only included in SO 2 fumigation under ULO conditions. Vials with egg sacs and jars with mobile stages for both insects were held at the same treatment temperature as controls. Each treatment was replicated five times.
After the ULO condition was established with N 2 flush, the cylindered N 2 was released into the large chamber at 1 liter/min continuously. Generated N 2 was released at 0.4 liter/min, controlled by the relay switch in the O 2 analyzer, once O 2 in the large chamber fell below 30 ppm in the SO 2 fumigation treatments under ULO conditions. Compressed air was released at about 1 liter/min into the SO 2 fumigation chamber for trials using the normal atmosphere. The 1.0% SO 2 gas was released at 0.2 l/min into each large chamber for 30 s/min in alternation to establish 100 ppm SO 2 in both large treatment chambers. Once SO 2 reached 100 ppm, SO 2 flow rate was adjusted in the range of 0.05-0.075 liter/min to maintain SO 2 levels at or slightly above 100 ppm. The two small chambers attached to each of the large chambers were disconnected at the end of 3 and 4 d to complete the 3-and 4-d treatments.
After fumigation, yellow sticky cards coated with adhesive were placed in the vials with egg sacs to catch crawlers. The cards were inspected at least 3 wk after treatment to count crawlers trapped on the cards. Nymphs and adults were held in an environmental chamber overnight to allow any survivors to recover before being assessed for mortality. Insects that were motionless and unresponsive to probes were classified as dead.
At the end of 4-d treatments, grapes from both treatments and controls were stored in a walk-in cooler at 2°C for 2 wk before being evaluated for postharvest quality. They were scored for overall quality, berry softness, decay, and discoloration using established procedures (Liu et al. 2008) . Total numbers of berries tested and total numbers of berries of good quality were counted separately for treatments and controls. The overall quality ranged from 1 (unmarketable) to 4 (perfect) with 2 and 3 representing poor to medium and good, respectively.
Effects of 24-h Fumigations With Different SO 2 Concentrations on Mealybug Mortality and Table Grape Quality
Grape mealybug eggs, nymphs, and adults were fumigated with SO 2 at 300, 400, and 500 ppm and vine mealybug eggs, nymphs, and adults were only fumigated with 400 ppm SO 2 at 2°C together with grapes in the large chamber to determine efficacy of SO 2 fumigations against mealybugs and impact on postharvest quality of table grapes. A green cultivar and a red cultivar from five table grape cultivars were included in each fumigation test. The five cultivars were 'Green Seedless', 'Thompson Seedless', 'Crimson Seedless', 'Flame Seedless' and 'Red Seedless'. Specific cultivars used in a test depended on their availability in the market on the test day. Fumigations were conducted under the normal atmosphere and the rest of procedures were the same as those described above for the SO 2 fumigation treatment under the normal atmosphere. The flow rate for the 1.0% SO 2 was adjusted in the range of 0.04 to 0.1 liter/min to maintain the desired SO 2 concentration levels. All five cultivars were tested in the treatments with 300 and 500 ppm SO 2 but only 'Thompson Seedless' and 'Red Globe' were tested in the 400 ppm SO 2 fumigation. After fumigation, insect mortality and grape quality were evaluated using the same procedures as described above. In each test, two to three vials with egg sacs and one to two jars with mealybug nymphs and adults were included in each treatment and the test was replicated three times. However, individual grape cultivars were not replicated three times due to a lack of availability at the time of the tests.
Data Analysis
Egg mortalities were calculated based on crawlers emerged from eggs and caught on sticky cards for the treatments and the control. It was assumed in each test that the number of eggs in each treatment and the control was the same and, thereby, egg mortality was calculated based on the numbers of crawlers caught on the yellow cards in the treatments as compared with the crawlers caught on the yellow cards for the controls. Mortality data for eggs and nymphs/ adults were transformed by arcsine√x prior to statistical analysis. Mortalities between the treatment and the control were compared by the t-test using the Fit model of JMP Statistical Discovery Software (SAS Institute 2012). Multiple comparison tests were performed to compare percentages of marketable grapes after fumigation among the three treatments in the 100 ppm SO 2 fumigation experiment. For 24 h fumigations, grape cultivars were pooled by color and grape quality data for the 400-and 500-ppm fumigations were also pooled to increase replications for statistical analysis. The t-test was used to compare the percentages of marketable grapes between the treatment and the control in the second experiment (SAS Institute 2012).
Results
Fumigation treatments of 3 and 4 d with SO 2 at a low concentration of 100 ppm under ULO and normal atmosphere were effective against both grape mealybug and vine mealybug. The 3-d fumigation with 100 ppm SO 2 under ULO had 99.5% and 100% mortalities of grapes mealybug eggs and nymphs/adults, respectively and 100% mortality of eggs and nymphs/adults of vine mealybug (Table 1) . Under the normal atmosphere, the 3-d fumigation with 100 ppm SO 2 had 85.8% egg mortality and 99.2% mortality for nymphs and adults of grape mealybug and the 4-d fumigation had 98.8% egg mortality and 100% mortality for nymphs and adults of grape mealybug (Table 1) . There was no significant difference between SO 2 fumigations under ULO and normal atmosphere in mortality of grape mealybug based on t-test for both the 3-and 4-d fumigation tests (3-d tests: t = 1.209, P = 0.313; 4-d tests: t = 1.732, P = 0.225) (Table 1) . Both 3-and 4-d fumigations with 100 ppm SO 2 under ULO conditions had 100% mortality for eggs and nymphs/adults of vine mealybug (Table 1) .
The 24-h fumigations with SO 2 at 300-500 ppm concentrations under the normal atmosphere were also effective in controlling the two mealybug species. The 24-h fumigations with 400 and 500 ppm SO 2 achieved 89.8% and 95.8% mortalities of grape mealybug eggs and complete control of grape mealybug nymphs and adults at 2°C. The 300 ppm SO 2 fumigation resulted in 55.2% egg mortality and 95.7% nymph/adult mortality for grape mealybug (Table 2) . The fumigation with 400 ppm SO 2 for vine mealybug resulted in complete control of both eggs and nymphs/adults in 24 h at 2°C ( Table 2) .
The 4-d fumigations with 100 ppm SO 2 under ULO or the normal atmosphere did not have any negative effects on grape quality score or percentage of marketable fruit (Table 3) . For the 24 h fumigations with 300, 400, and 500 ppm SO 2 under the normal atmosphere, green cultivars and red cultivars were pooled separately due to the lack of replications for majority of cultivars for quality evaluation. There was no significant difference in quality score or marketable fruit for 300 ppm or 400-500 ppm SO 2 fumigation for either green grape cultivars or red grape cultivars indicating that SO 2 fumigations did not have any negative impact on postharvest quality of table grapes (Table 4 ). The overall quality score of grapes ranged from 3.67 to 4 (perfect) and the percentage marketable fruit ranged from 92.7% to 100% (Table 4 ).
Discussions
SO 2 fumigations were demonstrated to be effective against eggs and nymphs/adults of both grape mealybug and vine mealybug. The 4-d SO 2 fumigation at 100 ppm and 24 h fumigation with 300, 400, or 500 ppm SO 2 did not adversely affect the postharvest quality of table grapes. These results suggest that SO 2 fumigation has potential to be used for postharvest pest control on table grapes. SO 2 is commonly used to control microbes on stored products. For table grapes, SO 2 is used to control black widow spiders and postharvest decay caused by Botrytis (Smilanick et al. 1990 , Smilanick and Henson 1992 , Luvisi et al. 1992 . SO 2 has not been used as a fumigant for postharvest pest control, even though there are two reports showing that long-term cold storage of table grape with SO 2 releasing pads resulted in complete control of omnivorous leafroller, Platynota stultana (Yokoyama et al 1999) N associated with eggs was the total number of crawlers hatched from surviving eggs and caught on sticky card. Mortality was relative to the number of crawlers in the control assuming equal numbers of eggs were fumigated for all treatments. For both 3-and 4-d treatments of grape mealybug, there was no significant difference in mealybug mortality between SO 2 fumigations under ULO and under the normal atmosphere. For the 3-d treatment of grape mealybug eggs, t ratio is 1.209 and P = 0.313 assuming unequal variation. For the 4-d treatment of grape mealybug eggs, t ratio was 1.732 and P = 0.225 assuming unequal variation (SAS Institute 2012). and 30 min fumigation with 7,500 ppm SO 2 resulted in complete control of grape mealybug crawlers (Mitcham and Zhou 1998) . This study demonstrated that SO 2 fumigation was effective for control of mealybug eggs and nymphs/adults, and provided more evidence on its efficacy for postharvest pest control.
Compared with the previous studies, SO 2 concentrations used in this study were much higher than the 0.2-1.0 ppm concentrations released from SO 2 slow release pads against omnivorous leafroller (Yokoyama et al. 1999) and much lower than the 7,500 ppm used against grape mealybug crawlers (Mitcham and Zhou 1998) . In this study, 24 h to 3 d exposure to 100-300 ppm SO 2 controlled all mealybug nymphs and adults. The treatment times of this study were much longer than the 30 min for the fumigation with 7500 ppm SO 2 that Mitcham and Zhou (1998) applied to get100% mortality of grape mealybug crawlers but much shorter than the 3-wk exposure to 0.2-1.0 ppm SO 2 from SO 2 releasing pads in cold storage that Yokoyama et al (1999) used to achieve complete control of omnivorous leafroller. These results suggest that SO 2 fumigation can be carried out using a wide range of concentrations and durations for pest control.
There are other studies showing both positive and negative impacts of SO 2 at very low levels on insects (Warrington et al. 1987 , Kozlov et al. 1996 . Over 60-d long-term exposure of pea aphids to 50-80 nl/l SO 2 resulted in 1.8 times greater aphid population as compared with the control due to increased nymph production rate from the SO 2 treatment (Warrington et al. 1987 ). Exposures to SO 2 at 100-1,000 µg/m 3 for 15 d, however, significantly reduced survival of leaf beetle, Melasoma lapponica, larvae on host plants (Kozlov et al. 1996) .
SO 2 fumigation has advantages over other fumigants in safety because it is used as a food preservative (Green 1976) . SO 2 fumigation also has advantage over ULO treatment which requires much longer treatment time and likely incurs higher cost. One-day fumigation with 500 ppm SO 2 at low temperature achieved >95% mortality of all life stages of grape mealybug. In comparison, ULO treatments of 10 d or more were required to achieve complete control of grape mealybug (Liu 2013) .
SO 2 is used widely for a variety of purposes including bleaching and preservation of dried fruits and other stored products. It is 10.5 ± 4.5 a N associated with eggs was the total number of crawlers hatched from surviving eggs and caught on sticky card. Mortality was relative to the number of crawlers in the control assuming equal numbers of eggs were fumigated for all treatments. also used widely on harvested table grapes to control mold and has a residue tolerance of 10 ppm (µg/g) sulfite on table grapes (EPA 1986) . SO 2 at lower and higher concentrations than used in the current study has been used to fumigate table grapes to control mold . Therefore, the SO 2 fumigations for control of mealybugs are also expected to be effective in inhibiting mold. More research is warranted to develop commercial SO 2 fumigation treatments for controlling pests and microbials on harvested table grapes.
